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Abstract: Glaciers of the central Karakorum region are the primary source of fresh water and lifeline for downstream 
inhabitants but changing climatic conditions put serious impacts on glaciers which cause rapid ablation and the creation 
of glacial lakes. Many natural hazards are associated with glaciers and glacial lakes like Glacier lake outburst flood 
(GLOF). Using Geographic Information System and Remote sensing techniques on Hispar glacier which is part of 
central Karakorum, the current study applied Landsat (TM, ETM, ETM+, and OLI) and sentinel-2 satellite imagery. 
Further, mapping to the Hispar glacier is done to know the variations in glacier and supraglacial lakes between 1990 
and 2019. According to the results, about 90% of glacial ponds are present in the debris-covered area while only 10% 
are present in the clean ice and scow area. This study identifies the decreasing trend in the number and the area of 
glacial lakes. In 1990, about 42 glacial ponds were covering a total area of 0.733km2, whereas, in 2019, 20 glacial lakes 
were covering an area of 0.18km2. In the last three decades (1990-2019) about 20km2 of clean ice and snow is 
increased. The findings of climate data revealed that there is a decreasing trend of temperature and an increasing trend 
of precipitation. Since 1995, about 0.75oC temperature is observed in HRB. The findings of this study somehow 
support the Karakoram anomaly. 
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Introduction  
Glaciers are large bodies of moving ice that is very 
sensitive to climate change and also an important 
parameter of the water cycle (Huss et al., 2017). The 
Himalayan Karakorum, Hindukush (HKH), and 
Tibetan Plateau (TP) region covers a large volume of 
water in form of glaciers and snow after polar regions 
thereby it is also known as the third pole of the world 
and Asian water tower (Kehrwald et al., 2008; Qiu 
2008; Racoviteanu et al., 2008). Under current 
scenarios of global warming, the glaciers of HKH and 
TP are losing their masses (Ageta et al., 2001). Further, 
in the HKH region, the changes in glacier volume and 
extents are poorly known (Bolch et al., 2008). Recent 
findings revealed that most of the western HKH face 
high glacier shrinkage whereas there is a little glacier 
loss in North-Western regions of HKH (Bhambri & 
Bolch, 2009). A plethora of studies revealed that in the 
last decade, there is a little mass gain and frequent 
glacier advances in the Central Karakorum and 
Hindukush region (Kaab et al., 2012; Bolch et al., 
2012; Copland et al., 2011; Hewitt, 2011; Minora et 
al., 2013).  As supported by the report of “glacial lake 
outburst floods” (GLOF), this mass loss not only 
affects the water management of the region but will 
also cause Glacier Lake outburst floods (Veh et al., 
2020). According to the report of “Intergovernmental 
Panel on Climate Change” (IPCC 2013), from 2000-
2008. The highest number of climate-induced disasters 
is faced by the Asian population with a loss of a huge 
economy. Remote sensing is the most reliable 
technique for monitoring and measuring glacier lakes 
as well as the glaciers of the HKH region because of its 
rigid environment and rough topography (Quincey et 
al., 2007; Rounce et al., 2017).  Further, the freely 
available satellite images of various resolutions are 
used for inventing and analyzing changes in glacier 
lakes and glaciers (Bolch et al., 2008; Liu et al., 2015). 
According to Benn et al., (2012), there is spatial 
heterogeneity of glacier change because of the 
contribution of Debris cover across HKH. However, 
the glacier products including RGI, GGI, and GLIMS 
are not able to distinguish between clean ice and 
debris-covered portions. Due to the spectral mixture 
between debris and moraines, it is difficult to 
determine the actual extent of the debris-covered 
portion of glaciers automatically using satellite images 
(Bhambri et al., 2011; Buchroithner et al., 2008). The 
delineation of debris-covered portions visually is more 
time-consuming. Recently in Eastern Himalayas, a 
new glacier inventory is developed by using manual 
and advanced satellites (ALOS), which were acquired 
between 2011 and 2016 (Ojha et al., 2017). In this 
inventory debris-covered glaciers were classified into 
debris-free portions and debris-covered portions. 
Debris portions have consequences for a glacier 
response to climate change and glacier lake 
development (Benn et al., 2012; Rounce et al., 2017). 
Due to an increase in average temperature, glaciers 
show retreating behaviour. Additionally, this may also 
increase the development of glaciers lakes and related 
hazards like GLOF. Thus, it is important to monitor 
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Fig. 1. Location and overview of Hispar glacier. 
The aims and objectives of the current study are to use 
satellite imagery between 1990 and 2019 to measure 
temporal and spatial variations of Glacier area (Clean 
and debris-covered ice) and Supraglacial lakes of 
Hispar Glacier in Hunza river basin, Western 
Karakorum. 
Study Site 
Outside the polar region, the Hispar glacier is one of 
the largest glaciers of the central Karakorum region 
and Hunza River Basin (HRB), which covers a total 
area of 690 km2, with 60 km long, located in the north 
of Hoper valley of the District Nagar. Geographically 
it is located at latitude 36oN to 36o20N and longitude 
75oE to 75o30E (Figure 1). Hispar glacier exists above 
5000 m which links Nagar valley with Baltistan. 
Moreover, the Hispar glacier contains clean ice as well 
as debris-covered ice. Supra-glacial lakes are widely 
present over Hispar glacier with thick debris cover 
near the snout. Some glacial lakes are present in the 
glacier terminus whereas, the other is far away from 
the terminus that contains the meltwater of the glacier, 
which further gets accumulated in these lakes. 
Moreover, this glacier feeds the Nagar River which in 
turn falls into the Hunza river in Sumayar valley of 
district Nagar. Climatically District Nagar and Hunza 
valley are alternately affected by mid-latitude winter 
westerlies and the Asian summer monsoon. The total 
annual precipitation is 840.8 mm, 60% of the annual 
precipitation falls in winter, showing that the primary 
precipitation is carried in by westerlies and the Asian 
summer monsoon region. The study region is located 
in the subtropical climatic zone, with temperatures 
ranging from 2.8oC to 6.5oC on average per year. 
Materials and Methods 
Total nine satellite images (Enhanced Thematic 
Mapper (ETM), Enhanced Thematic Mapper Plus 
(ETM+), operational Land Imager (OLI), and Sentinel 
2 images on five years of the interval between 1990 
and 2019) were acquired with different spatial 
resolutions. All the satellite images with less than 10% 
cloud cover of ablation period (June, July, and August) 
were downloaded for the study area. Shuttle Radar 
Topographic Mission(SRTM) Digital Elevation Model 
(DEM) having a spatial resolution of 30m is 
downloaded from earth explorer. Glacier Lake ice 
measurements from Space (GLIMS) were also 
acquired/downloaded. Additionally, Randolph Glacier 
Inventory (RGI) version 6 was used as a glacier 
outline. Daily climate data (Mean maximum 
temperature (Tmax), Mean minimum temperature (Tmin), 
and the precipitation data for the period of 1995 to 
2019 was acquired from the aforementioned three 
stations of HRB operated by the Water and Power 
Development Authority (WAPDA). 
Satellite images of glaciers are hampered by the debris 
cover of the glacier (Racoviteanu et al., 2008). This is 
because the outcomes of the automated procedures are 
less trustworthy, necessitating manual adjustments 
after the fact (Paul et al., 2004 and Bhambri et al., 
2011). Therefore, to minimize the error of less than 2 
%   manually digitization of glacier boundaries is 
necessary (Bolch et al., 2008; Ali et al., 2021). The 
Hispar glacier is delineated and made temporal 
analysis for different years (1990 to 2019) using the 
semi-automated approach used by Bolch et al., (2008). 
Using remote sensing data, we identified and 
delineated glacier boundaries using both post visual 
and manual interpretation and Normalized Difference 




………… . . (1) 
The identification of supraglacial lakes/water bodies 
that are formed on the surface of a glacier are 
delineated and identified by using the approach used 
by (Mcfeeters 1996; Thakuri et al., 2015). Firstly we 
identified water bodies over glaciers using the 
Normalized Difference Water Index (NDWI) and then 
post manual validation and delineation is done using 




………… . . (2) 
The daily climate data which were taken from the 
aforementioned three stations of HRB (Khunjerab, 
Ziarat, and Naltar) were processed. Three climate 
indices (Tmax, Tmin, and precipitation) were calculated 
to identify the changes in the climatic pattern of HRB 
for the period of 1995 to 2019 by using the ‘Rclimdex’ 
package (Zhang and Yang 2004) which was used 
linear regress for trend analysis (Powell and Keim, 
2015). 
Results and Discussion 
Temporal Changes in area 
The temporal variation shows that there is an increase 
in clean ice cover.  On the contrary, the debris-covered 
ice is decreased in the last three decades. Since 1990 
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about 20km2 of clean ice in the Hispar glacier is 
increased. Debris covered and debris free area for 
seven different years is shown in figure 3. Between the 
period of 2009 to 2015, there is a slight increase in the 
clean ice cover. Whereas, the high increase of debris is 
observed, as a result of less precipitation and high 
temperature of Hunza and Nagar valleys in 2010, 
which rapidly increased the glacier melting process 
(Iqbal et al., 2013). Each year, gradual variations were 
observed in the glacier melting. Moreover, the Hispar 
glacier showed rapid movement which is also known 
as surge behaviour (Paul 2017). Before 2015 the 
Hispar did not show any surge (Copland et al., 2011). 
Figure 2 shows the variation in the glacier area in the 
years 1990, 1994, 1999, 2004, 2009, 2015, and 2019. 
Meltwater of Hispar glacier feeds the Nagar river. 
Indus basin is the main catchment of the Hunza and 
Nagar rivers. Moreover, this meltwater fulfils the water 
requirement of the downstream population. The Indus 
River supports the agricultural water supply for 160 
million populations. About 45% of electricity in 
Pakistan is produced from dams that are constructed 
over Indus (Iqbal et al., 2013). 
 
Fig. 2 variations in glacier coverage (debris and clean) for different 
periods 
Distribution of Lakes 
The existence and formation of the supraglacial ponds 
are highly related to the surface slope (Sakai and Fujita 
2010). This study mapped about 215 supraglacial 
ponds in the Hispar glacier since 1990. These areas are 
covered by these glacier ponds which are ranging from 
0.11km2 to 0.002km2. The distribution of the lakes 
over the Hispar glacier is shown in figure 4. 
Supraglacial lakes are formed where there is a surface 
slope <10° and these lakes exist for a longer period 
than the lakes which have a surface slope higher than 
10° (Reynolds 2000). About 90% of the glacier lakes 
were present in the terminus and debris-covered area 
of a glacier where the surface slope is gentle. While 
10% of the glacier lakes which were mapped in this 
study were located in snow and clean ice area. In 2009, 
there were forty-nine glacier lakes. Conversely, in 
2019 there were only twenty supra glacier lakes.  
Whereas,  in other years such as 1994, 1999, and 2015 
there were 30, 29, and 40 glacier lakes respectively. 
From 1990 to1999 the trend of lakes was decreasing. 
For instance, 2009, shows the peak of the number of 
glacier lakes, on the contrary, in the recent decade, 
there is a decreasing trend of supraglacial lakes over 
the Hispar glacier. Besides the surface slope, the life 
span of glacial lakes is also affected by the velocity of 
meltwater (Benn et al., 2012; Bolch et al., 2008). 
 
Fig. 3 temporal variations in the area of Hispar glacier for different 
study periods 
Decadal dynamics of Lakes 
The decadal variations in the size and number of 
supraglacial lakes over the Hispar glacier are shown in 
Figure 7. During the last three decades (1990 to 2019) 
the area fluctuates that is covered by supraglacial 
ponds. Over the study period, the total area covered by 
supraglacial ponds varied between 0.733 km2 in 1990 
and 0.18km2 in 2019.  Overall, there is about a 
0.55km2 reduction in the total area of lakes. The 
maximum area of supraglacial lakes occurred in 2015, 
which was about 1.08 km2, While the minimum area of 
0.18 km2 is recorded in 2019. There `were present 
smaller (<0.01 km2) glacial lakes than lakes (>0.01 
km2) in each study period. The maximum area of 
supraglacial lakes during 2009 and 2015 are might be 
due to an increase in the temperature in that particular 
period. Glaciers’ ablation in the Himalayan region is 
due to decreased annual precipitation and an increase 
in average annual temperature (Ren et al., 2006), 
which leads to fast the ablation of glaciers, the 
formation of glacier lakes, and the expansion of 
existing lakes (Komori 2008; Rasul et al., 2012). As 
the Hispar glacier is a part of the Central Karakorum 
region, and the glaciers in this region are not very 
sensitive to the global rise in temperature than 
Hindukush and Himalayas (Kapnick et al, 2014), 
because of the extensive coverage of glaciers and high 
altitude glacier (Gardelle et al., 2012). The findings of 
this study also indicated that the Hispar glacier is less 
susceptible to temperature, therefore the number of 
supraglacial lakes is decreasing while the total glacier 
area is increasing. 
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Fig. 4 positions and size of supra-glacier lakes over Hispar glacier. 
Climate trend 
Mean annual values of temperature and total 
precipitation for the period of 1995 to 2019 of HRB 
are plotted as bar graphs and shown in Figure 6. The 
average annual temperature was observed to be about 
0.75°C lower in 2019 compared to 1990. This entails 
that there is a decreasing temperature trend in the HRB 
since 1995. In 2011, the peak temperature was 
recorded which was about 4.15°C, while the lowest 
annual mean temperature was observed in 2014 was 
2.3°C. There recorded an increasing trend of 
precipitation and decreasing trend of temperature 
(Figure 6). Generally, in all seasons the precipitation 
has an increasing trend in the GB except during the 
transitional periods, where a slightly decreasing trend 
was observed (Raza et al., 2015). In 1995, about 
947mm precipitation was observed. However, in 2019, 
this amount of precipitation was increased up to 
1389mm. 
 
Fig. 5 Landsat images showing supraglacial Lakes in Hispar Glacier. 
In comparison to the neighbouring Himalayas, which 
are under the influence of the Indian monsoon, the 
climate of the Karakoram is mainly influenced by the 
western weather systems and the Tibetan anticyclone. 
(Archer and Fowler 2004). In the early 2000s, the signs 
of climatic influence for the unusual glacier behaviour 
of the Karakoram appeared (Khan et al., 2020).  
Archer and Fowler (2004), in their study, stated that 
the temperature and precipitation patterns for the 
meteorological stations in the area reported the major 
rises in summer, winter, and annual precipitation. 
Additionally, the study further revealed a decrease in 
mean and minimum summer temperatures. The overall 
drop in summer temperature and rise in precipitation 
have been proposed to be compatible with the region's 
favourable glacier mass which balances the region. 
Moreover, a further interpretation is supported by the 
simultaneous decrease in summer river flows (Archer 
and Fowler 2004). Numerous subsequent studies have 
repeated and amplified this logical argument by 
making it widely accepted through explaining the 
Karakoram Anomaly by2010 (Quincey et al., 2009 and 
2011; Copland, L. et al., 2011; Scherler et al., 2011; 
Gardelle et al., 2012). 
 
Fig. 6 Climate trend of HRB. 
Conclusion 
This study presents the Landsat images based on the 
past thirty years (1990-2019) to investigate the glacier 
area and the supraglacial lakes over the Hispar glacier 
in the central Karakorum region, which is the largest 
glacierized area in the HKH region. The Hispar glacier 
is mapped from 1990 to 2019 with an interval of five 
years. Whereas the multi-decadal mapping of 
supraglacial lakes is done by using Geographic 
Information system (GIS) and Remote Sensing. The 
results show that since 1990 there is an increase in the 
total clean ice of the Hispar glacier whereas debris 
cover is decreased. In the past thirty years clean ice 
and snow increases by about 20km2. Conclusively, 
since 1990, the temporal variations in the supraglacial 
lakes in the Hispar glacier show that the number of 
supraglacial ponds is decreased. In this study, we 
examine that, in 1990 there are about forty-two glacial 
lakes while in 2019 it is gradually decreased to twenty 
glacial lakes. In addition, the glacier area covered by 
these lakes is decreased by about 0.55km2. The 
findings provide evidence that the peak number of 
glaciers and the peak area covered by the glacial lakes 
was between 2009 and 2015. Although between 1995 
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to 2019, the decreasing trend of temperature and 
increasing trend of precipitation is observed in the 
HRB with a reduction of 0.75oC average temperature. 
 
Fig. 7 Area covered by Supraglacial Lakes since 1990. 
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